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Abstract 
The worldwide abundance and relative low cost of coal, and its increasing use in gasification for syngas production 
for  synthetic fuel and chemical manufacturing, presents ample opportunity for H2 production with inherent CO2 
capture, through the use of limestone-derived CO2 sorbent.  The combining of the water gas shift reaction and 
carbonation reaction in a single reactor has potential to increase process efficiency and reduce costs of the process, 
when compared to conventional H2 production. This paper presents a brief overview of the wider research to date and 
outlines proposed experimental work to further investigate effects of temperature and feed gas composition, as well 
as potential trace elements emissions from the process, in a bench-scale, bubbling fluidized bed reactor.  
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1. Introduction 
Sorption enhanced hydrogen production (SEHP) is gaining in interest due to its potential for 
production of a clean energy carrier in the form of hydrogen, from solid fossil fuels including coal. The 
use of coal as an energy source is increasing worldwide, and in 2011 was responsible for 42% of global 
energy production [1]
China and India, where growing economies along with high global population growth, are increasing 
demand for energy production. As a result, the demand for coal gasification is also increasing, due to the 
use of the coal-derived syngas comprising H2 and CO, in coal-based synthetic fuel and chemical 
production, including in the manufacture of ammonia, urea and methanol. There is also the potential for 
product H2 
 
* Corresponding author. Tel.:+44 (0)1234 750111; fax: (+44) (0)1234 754036 
E-mail address: j.e.oakey@cranfield.ac.uk 
Available online at www.sciencedirect.com
 2013 he uthors. Published by Elsevier Ltd.
Selecti  / r er-review under responsibility of GHGT
 Alissa Cotton et al. /  Energy Procedia  37 ( 2013 )  2232– 2244 2233
provide energy for transport and space heating, from which the only emissions would be water vapour. A 
hydrogen purity >99% is currently required for SOFC. In 2010, it was reported that by 2016 global coal 
gasification capacity will have reached a total thermal capacity of 75,548 MWth, produced from 58 
gasifiers and 29 gasification plants worldwide [2; 3]. This therefore represents an extensive opportunity to 
employ CO2 capture from coal. 
1.1 Conventional Hydrogen Production 
Hydrogen is conventionally produced via the three separate reactions of natural gas (methane) 
reforming (Equation 1) which requires a nickel-based reforming catalyst -gas-  reaction 
(Equation 2) where steam reacts with CO produced during reforming to produce more H2 and CO2; and 
carbon oxide separation by amine scrubbing (Equation 3) and then pressure swing adsorption, of which 
each reaction takes place in a separate reactor. The reforming process is carried out at approximately 800-
1000°C. Globally there are several commercial demonstration SEHP plants, which combine CO2 
adsorption using chemical solvents, with the high temperature (HTS) water gas shift reaction using an 
iron catalyst. At the temperatures required for HTS (370-
ion is 
carried out using a copper catalyst, allowing the required conversion of CO. The gas requires further 
cooling to allow CO2 sorption by a liquid sorbent, but the final H2-rich gas requires reheating to 
n a turbine [4]. This process is energy intensive, and 
requires several stages before CO2 sorption and H2 production occur.   
CH4 + H2 2 H° = + 206 kJ/mol                                                                                                                    Equation 1                
CO + H2 2 + H2     - 41 kJ/mol                                                                   Equation 2 
2 R-NH2 + CO2 R-NH3+ + R-NH-COO-                                                        Equation 3 
Methane reforming is considered to be highly endothermic, requiring additional fuel in order to maintain 
the reactor at the required temperature. Reactions each take place in separate reactors, thus requiring a 
number of reactor units for the process (Figure 1). 
 
Figure 1Standard Hydrogen Production Process via Methane Reforming, adapted from Harrison 2008 [5] 
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1.2 Sorption-Enhanced Hydrogen Production from Coal Using Calcium Looping Cycle 
Sorption enhanced hydrogen production (SEHP) from coal via the calcium looping cycle aims to 
increase process efficiency and reduce costs compared to conventional H2 production methods, through 
combining the water-gas-shift and carbonation reactions into a single step, taking place in a single reactor, 
with the use of a Ca-derived sorbent. SEHP is a precombustion method of carbon capture, and is so-called 
because at a given temperature, greater purity H2 is produced beyond the limits of the water gas shift 
reaction, due to the addition of steam [6].  
Coal gasification produces a synthesis gas (known as a ) producing the same 
products (CO and H2) as those produced from steam methane reforming. The addition of steam within the 
same reactor then facilitates the water-gas-shift reaction (Equation 2) producing a CO2 product, which is 
removed from the gas phase as it is formed by the carbonation reaction (Equation 5), thus driving the 
water gas shift reaction equation 
increasing H2 production (Equation 6). In accordance with the calcium looping process, CaCO3 is 
transported to a second reactor for sorbent regeneration (Figure 2).   
Coal Gasification: 3CxHy + O2 + H2 2 + 3CO Hr° = +226 KJ/mol                                             (4) 
Water-Gas Shift reaction: CO + H2 2 + H2 Hr° = -38 KJ/mol                                                (2)      
CO2 Capture reaction: CaO + CO2 3               Hr° = -178 KJ/mol                                              (5) 
Overall reaction: C + 2H2 2 + CaCO3   Hr° = -13 KJ/mol (~thermally neutral)                (6)               
Sorbent Regeneration (Calcination) reaction: CaCO3 2 (endothermic)                                 (7) 
 
                                        H2                                                         CO2 high purity for transport and storage  
 
                                                                                                           
CaCO3 
 
 
 
                                                                   
CaO 
 
       Syngas from coal gasification (H2, CO), Steam                                                    O2                         
 Figure 2 Sorption Enhanced Hydrogen Production from Coal-based Syngas, using a Ca-derived Sorbent     
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Three main stages of the SEHP process have been identified in the literature (Figure 3) [7]: 
 Prebreakthrough - the combined shift-carbonation reactions take place and hydrogen production 
reaches a maximum. CO and CO2 concentrations are low as CO2 is being sorbed by calcium sorbent; 
 Breakthrough - occurs when the leading edge  of the carbonation reaction reaches the end of the CO2 
sorbent bed. During this phase CO and CO2 concentrations increase and H2 concentrations decrease. 
CO2 is no longer being absorbed by CaO and so is released; and  
 Postbreakthrough - the time after which the CO2 sorbent has reached its minimum activity and steady 
state occurs when only the shift reaction takes place. Therefore there is little or no CO2 removal, so 
CO2 concentrations reach a maximum. 
 
Figure 3 Typical Reactor Response Curve Showing Product Concentration as a Function of Dimensionless Time  taken from Han 
and Harrison 1997 [7] 
1.3 1 Advantages of Sorption-Enhanced Hydrogen Production from Coal  
The potential advantages of SEHP over conventional H2 production include: 
 Overall thermal neutrality - no additional energy is required for the H2 production step [8] [9] [10] [4]; 
 Reduction in number and size of process reactors due to process integration, therefore reducing costs 
and improving efficiency [11] [8] [9];  
 Elimination of shift catalysts due to H2 production at higher temperatures [8] [9]; 
 Elimination of reforming catalysts due to syngas from coal gasification; 
 Simplification of hydrogen purification due to higher H2 purity and lower CO/CO2 concentrations 
[12]; 
 Reduction of carbon deposition in the reforming reactor [8; 9]; 
 Replacement of high-temperature, high alloy steels required in the reforming reactor [8; 9];  
 Energy savings up to 20-25% compared to conventional H2 production process [8] [13]; and  
 Cost of producing H2 from coal expected to reduce by 20-25% of current values [14]. 
1.4 Research to Date on Sorption-Enhanced Hydrogen Production 
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The majority of research carried out to date on single-step SEHP has been from methane reforming [8] 
[15] [11] [13] [7] [16], although some work has been carried out at the laboratory and bench-scale based 
on coal gasification and the product syngas [9] [4] [17] [18] [19] [20] [21] [22] [6] [23] [24] [25]. The 
overall process is the same for both coal and methane-sourced SEHP, with the exception of either the 
gasification or reforming of the coal or methane respectively. Limited research appears to have been done 
at the pilot scale incorporating the Ca-looping cycle. The use of sorbents other than limestone have also 
been investigated, including the use of hydrotalcite-based compounds, which are showing promising 
results [23] 
There are a number of recently developed processes that are based on the concept of SEHP, using calcium 
based sorbents. These include the Zero Emission Coal Alliance (ZECA) process [18] from coal, whereby 
coal is gasified to methane using hydrogen, which is then reformed using water, and CO2 removed via the 
carbonation reaction. The product hydrogen is then divided, with half being used to gasify coal to produce 
more CH4, and the remainder used for electricity generation in solid oxide fuel cells. However, research 
on this specific process appears to have been halted for the present time [26].  The scheme overall results 
in the formation of 2 extra moles of H2 for each 2 moles of H2 used during methanation, and the H2 for 
methanation is recycled from the H2 stream remaining after processing of the gas. However, the process 
therefore uses half of the H2 produced, and hence has a higher fossil fuel requirement than coal 
gasification in steam/oxygen. 
 
A number of potential challenges have been identified in the literature, which need to be overcome before 
the process can be adopted at the industrial scale. It has been acknowledged that further work is required 
on combining the reforming/shift reactions and on the in situ capture of CO2 at appropriate temperatures 
and pressures [27] [28]. In addition, Wang et al., [29] observed that although the process has higher 
efficiencies than conventional hydrogen production methods, there are a number of significant barriers to 
the overall ZECA process, including the development of a Solid Oxide Fuel Cell (SOFC) that can operate 
at higher temperatures than is currently possible, to provide heat for the calciner and that is tolerant to 
sulphur compounds. In addition, it is required that either calcinations can take place at high pressures with 
rapid sorbent degeneration, or to repeatedly pass a large volume of hot solids through a big pressure 
difference. Despite this they conclude that modification of the system to overcome these technical barriers 
may help realise the ZECA concept. 
efficiency as proposed by Ziock and Lackner [18], although subsequent independent revisions suggest 
lower efficiencies of approximately 50% vs LHV [30]. 
 
The HyPr-RING process combines coal gasification, reforming, and CO2 removal in one reactor at high 
temperatures and pressures [31]. The Alstom process consists of three loops, within which Ca-based 
sorbents are used to transfer both oxygen and heat. Coal is gasified using CaSO4 to produce CO which is 
then converted to CO2 and H2 by the water-gas-shift reaction [32]. CO2 is then removed from the removed 
from the reaction process using CaO as a CO2 sorbent [33]. The General Electric (GE) process comprises 
three reactors, a carbon transfer loop, and an oxygen transfer loop. Solid fuel is gasified in the first reactor 
to produce CO, H2, and CO2 which is removed by a CO2 sorbent. In the second reactor gasification is 
completed, oxygen transfer material is reduced and the remaining carbon is oxidised. Thus the CO2 
sorbent is regenerated and a stream of pure CO2 is released. In the third reactor oxygen transfer material is 
re-oxidised, producing oxygen-depleted air suitable for a gas turbine [34]. The process is considered to be 
fuel-flexible  (i.e. coal and biomass), however, it has been acknowledged that efficiencies of up to 80% 
only can be obtained [32] [34]. It is widely accepted throughout the literature that further study is justified 
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on SEHP, particularly in terms of the technology scale-up effects, due to the smaller scale of the work 
that has already been undertaken. The combined SEHP reactions undertaken to date have concluded that 
greater than 80% CO conversion is achievable, producing a product gas containing at least 95% H2 at 
both the laboratory and bench-scale [11] [35] [36]. The required technical targets for precombustion 
carbon capture technology are for a desired CO-conversion of at least 90% [37], and an efficiency penalty 
lower then 5-6% by 2020 [38].  
1.5 Factors Affecting Sorption-Enhanced Hydrogen Production 
There are a number of factors affecting SEHP, and a number of challenges to overcome, particularly 
with regards to the use of Ca-based sorbent. These are described in detail below. 
1.5.1 CO Conversion (Carbonation) Temperature  
CO conversion, and therefore H2 production during the combined shift-carbonation reaction has been 
found to decrease with increasing temperature. Although the kinetics of the water-gas-shift reaction are 
enhanced as temperature increases, the equilibrium limitation of the exothermic combined WGS-
carbonation reaction causes H2 production to decrease with increasing temperature [9] [12] [39]. Yi and 
Harrison [36] however noted that for experiments carried out between 400 and 460°C, H2 concentrations 
decreased as temperature decreased, and suggested that it is the kinetics of the reforming reaction, rather 
than the shift and carbonation reactions that cause a decreased H2 concentration at a lower temperature. 
This discrepancy from other work could be due to the lower temperatures at which the reactions were 
carried out. 
The optimum temperature for CO conversion (i.e. carbonation) is noted to be approximately 600-650°C, 
after which CO conversion decreases. Ramkumar and Fan [9] observed that 100% CO conversion was 
achieved during the WGS reaction at 600°C, without the use of a HTS catalyst. However, Han and 
Harrison [7] observed an improvement in prebreakthrough performance at 650°C compared to 600°C, 
with CO2 removal constant at 0.985 at 600°C, but increasing over five cycles from 0.90 to 0.94 at 650°C. 
Further, Gupta et al., [21] observed an increase in CO conversion from 24.3% at 500°C, 69.3% at 550°C, 
80% at 600°C, and remaining at 78% at 700°C. Thermodynamic equilibrium was calculated for the 
reaction, which suggested that in fact the system approaches equilibrium towards 700°C (Figure 4). The 
above results achieved at the laboratory and bench-scale therefore suggest that a temperature range of 
600-700°C is suitable for calcination. 
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Figure 4 Water Gas Shift Reaction Equilibrium as a Function of Temperature taken from Gupta et al. [21] 
1.5.2 Regeneration (Calcination) Temperature  
A high calcination temperature is considered desirable to increase the CO2 equilibrium pressure and 
reduce the required flow of gas, but a compromise is however required due to the increase of sorbent 
degeneration at higher temperatures.  
In accordance with CO2 equilibrium dynamics (Figure 5), it is considered that a regeneration temperature 
of at least 800°C is required to ensure adequate decomposition of CaCO3 to CaO [36]. Throughout the 
literature, calcination is generally carried out at a temperature of 800-1000°C [40], although research has 
shown that maximum sorbent deterioration can occur at 850°C and minimum at 600°C, measured in 
terms of prebreakthrough periods [7].  
 
Figure 5 Equilbirum CO2 Pressure as a Function of Temperature taken from Yi and Harrison [36] 
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Han and Harrison [7] also carried out calcinations reactions at 800°C and 850°C, and identified that as
calcination temperature increased, sorbent durability decreased at a rate of 5% and 2% at 850C° and 
750°C respectively. The addition of 50% H2O did however retard the deterioration rate to approximately
3% at 850°C. In contrast to this, Grasa and Abanades [41] observed that up to temperatures of 950°C,
calcination temperature did not affect sorbent capacity during Ca-looping experiments, but above this
temperature sintering mechanisms caused sorbent decay to increase [41].
1.5.3 Effect of feed gas composition
Han and Harrison investigated the effects of feed gas composition at the laboratory scale. They ran 
2O and N2, as well as with syngas typical of that from 
a coal gasifier, comprising CO, CO2, H2 and H2O. Fractional values for carbon oxide removal were
greater than 0.99 for both feed gas compositions, but the importance of H2O to CO feed ratio was 
highlighted, with carbon oxide fractional removal increasing as H2O:CO feed ratio was increased from 2
to 4. 
2 Experimental methodology
The proposed experimental methodology to investigate effects of temperature and feed gas
composition in a bench scale reactor are outlined below.
2.1 Bench scale reactor
SEHP experiments will be undertaken in a bench scale reactor, as shown in Figure 6. It comprises a 
quartz reactor of 550mm length, and 32mm internal diameter. This is located within an outer tube of 
height 1180mm and 37mm internal diameter. This in turn is located within a pre-heated zone of height
630mm, heated by electrical heating which maintains the required reaction temperature and preheats
reaction gases. A sintered plate at the bottom of the quartz reactor acts as the gas distributor, whilst at the
same time separating the CO2 sorbent from the outer reactor.
Figure 6 Bench scale reactor comprising inner quartz reactor, within which is the bubbling fluidised bed.
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Reactant gases and water are fed to the bottom of the reactor through the lower flange of the outer reactor, 
and pass through the preheated zone to the reactor. Flow rates of gases are controlled using mass flow 
controllers, and gases are supplied from relevant gas cylinders. Water is fed the preheating zone using a 
HPLC pump at the required flow rate in order to produce the relevant amount of steam once in the 
reactor, to facilitate the water gas shift reaction.  
Sorbent is fed into the reactor from the top of the quartz reactor, prior to the beginning of each 
experiment, and sorbent samples are removed in the same way after each test. Tests are run in batch 
mode, whereby alternate SEHP and calcination tests are carried out, and the sorbent bed is fluidised by 
introduction of the gases.  
 
2.2 Experimental conditions 
 
The experiments will combine the water gas shift and carbonation reactions in a single reactor, and 
will investigate the effects of feed gas composition and reaction temperature. Both factors have been 
considered important in work carried out at the laboratory scale, as described in the literature. The feed 
gas will be typical of that produced from the gasification of a British coal (approximately 30% H2, 60% 
CO, 5% CO2, 5 % H2O) in order to ensure that the process is representative as that of industry as far as is 
possible. The work will be undertaken without the use of a shift catalyst, as demonstrated by Han and 
Harrison [39] in order to make the process as economical as possible. A matrix showing the anticipated 
work programme is provided as Table 1.  
Table 1 Anticipated experimental conditions to investigate the effects of feed gas composition and temperature on SEHP 
Test Feed Gas Composition (%) SEHP 
temperature (°C) 
Calcination 
temperature (°C) 
1 60 CO, 5 CO2, 30 H2, 5 H2O 500 950 
2 60 CO, 5 CO2, 30 H2, 5 H2O 550 950 
3 60 CO, 5 CO2,30 H2, 5 H2O 600 950 
4 55 CO, 5 CO2, 35 H2, 5 H2O 500 950 
5 55 CO, 5 CO2, 35 H2, 5 H2O 550 950 
6 55 CO, 5 CO2, 35 H2, 5 H2O 600 950 
 
Sorbent samples will be taken prior to, during and after tests in order to investigate change in sorbent 
morphology and sorbent durability during the SEHP process.  Analysis will be carried out using 
Environmental Scanning Electron Microscope (ESEM), Electron Dispersive X-ray Spectroscopy (EDS) 
and X-Ray Diffraction (XRD), as well as BET for surface area and pore volume analysis. In addition, 
there is minimal work in the literature investigating the potential trace element emissions from the SEHP 
process, with regards to the use of limestone as a CO2 sorbent, and therefore this will also be investigated 
as part of the work plan, using a flue gas sampling train based on EPA Method 29 [42], whereby trace 
elements present in flue gas are absorbed into an acid solution, which is then analysed for trace metal 
content using ICP-MS. 
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3 Conclusions 
SEHP from coal using a calcium-based CO2 sorbent has potential to be a more efficient and 
economical method of H2 production compared to conventional methods currently in use. The increasing 
use of coal syngas worldwide for synthetic fuel and chemical manufacturing, presents extensive 
opportunities for H2 production with inherent CO2 capture, thereby providing a near-zero emission energy 
carrier. Many variations on the SEHP process have been investigated, with temperature and feed gas 
composition considered to be factors that may have a strong influence on the process efficiency. Proposed 
bench scale experiments will investigate these factors in order to contribute further to the understanding 
of this process.   
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